Abstract: The purposes of this study were (i) to determine the prevalence of exercise-associated hyponatremia (EAH) in multi-stage ultra-marathoners and (ii) to gain more insight into fluid and electrolyte regulation during a multi-stage race. Body mass, sodium concentration ([Na+]), potassium concentration ([K+]), creatinine, urea, specific gravity, and osmolality in urine were measured in 25 male ultramarathoners in the 'Swiss Jura Marathon' 2008 with 11 000 m gain of altitude over 7 stages covering 350 km, before and after each stage. Haemoglobin, haematocrit, creatinine, urea, [Na+], [K+], and osmolality were measured in plasma before stage 1 and after stages 1, 3, 5, and 7. Two athletes (8%) showed plasma [Na+] <135 mmol/l. Body mass, plasma [Na+], and plasma [K+] remained unchanged (p>0.05). Urine specific gravity (p<0.001) and osmolality in both plasma (p<0.01) and urine (p<0.001) were increased and haematocrit (p<0.0001), haemoglobin (p<0.0001) and plasma albumin were decreased (p<0.001). Plasma volume (p<0.01) and plasma urea (p<0.001) were increased. The K+/Na+ ratio in urine increased >1.0 after each stage and returned to <1.0 the morning of the next stage (p<0.001). To summarize, more sodium than potassium was excreted during rest. The increased urinary sodium losses during rest are compatible with the syndrome of inappropriate secretion of antidiuretic hormone (SIADH) or the cerebral salt-wasting syndrome (CSWS). Further studies are needed to determine the antidiuretic hormone (ADH) and both the atrial natriuretic peptide (ANP) and the brain natriuretic peptide (BNP) during multi-stage races. 
Introduction
Exercise-associated hyponatremia (EAH) is a common finding in endurance athletes and defined as a serum sodium concentration ([Na + ]) below135 mmol/l [1] . In the scientific literature, EAH was first described in 1985 by Noakes et al. [2] as being caused by 'water intoxication'. The 'International Exercise-Associated Hyponatremia Consensus Development
Conference' defined EAH as hyponatremia occurring during or up to 24 h after prolonged physical activity [1] . Following Noakes et al. [3] , three factors explain the occurrence of EAH in endurance athletes: (i) overdrinking due to biological or psychological factors; (ii) an inappropriate secretion of the antidiuretic hormone (ADH), in particular, the failure to suppress the secretion of ADH in the face of an increase in total body water; and (iii) a failure to mobilize sodium from the osmotically inactive sodium stores or alternatively inappropriate osmotic inactivation of circulating sodium.
The main reason for developing EAH is the behaviour of overdrinking during an endurance performance [3, 4] . To date, no study reported that drinking more than ad libitum during exercise produced any biological advantage, but it could cause EAH [5] . Studies have shown that athletes who were encouraged to limit their fluid intake by drinking only in response to thirst did not develop EAH [5] [6] [7] . Fluid overload leads to EAH [8] , and a correlation between a change in body mass due to fluid overload and a change in serum [Na + ] was described [3, 8, 9] . The primary cause of such weight gain can only be the overconsumption of fluids during exercise [8] either because of an exaggerated thirst drive during exercise or because of a behavioural conditioning [3, 10, 11] .
The prevalence of EAH has been extensively investigated in different endurance sports disciplines such as running [8, [12] [13] [14] [15] [16] [17] , swimming [18] , cycling [19] [20] [21] [22] , and triathlon [23] [24] [25] [26] .
It seems that the prevalence of EAH varies depending upon the discipline and length of a performance [27] . The prevalence of EAH seemed to increase with the length of a race [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . To date, no study investigated the prevalence of EAH in a multi-stage ultra-endurance performance such as a multi-stage ultra-marathon [31] [32] [33] [34] [35] . Literature for a single stage mountain ultra-marathon is rare [36, 37] and completely missing for a multi-stage mountain ultra-marathon. In a multi-stage ultra-marathon, athletes compete for one week [31] or longer [32] [33] [34] [35] and complete more than a marathon per day [32, 33] . Ultra-marathoners run at a slow pace [32] [33] [34] [35] and may be at an increased risk of fluid overload due to overdrinking.
During multi-stage races, a change in electrolyte and fluid metabolism across the stages has been described. Sodium retention [38] [39] [40] and an increase in both plasma volume [39] and total body water [32, [38] [39] [40] have been reported. The maintenance of plasma [Na + ] was presumably due to an increased activity of aldosterone during performance. One study reported a significant increase in concentration of plasma aldosterone and a highly significant association between the change in aldosterone and the change in plasma [Na + ] during a 5-day hill-walking [38] . Also in a 7-day hill-walking, the daily sodium-potassium-excretion ratio indicated sodium retention most probably due to an increased activity of aldosterone. In contrast, ADH was not affected during a multi-stage performance [39] .
The aims of the present study were (i) to determine the prevalence EAH in multi-stage ultramarathoners and (ii) to gain more insight into fluid and electrolyte regulation during the longest mountain ultra-marathon in Europe, the 'Swiss Jura Marathon'. Based upon existing literature, we hypothesized that among these multi-stage ultra-marathoners EAH would occur more often as reported in previous investigations on marathoners.
Materials and Methods

Subjects
The organizer of the 'Swiss Jura Marathon' 2008 contacted all the participants six months before the start via a separate newsletter, and informed them about the planned investigation.
The number of athletes was limited to 100 selected ultra-runners. Thirty-four male ultrarunners volunteered to participate in the study. Twenty-five of the 34 subjects finished the race successfully within the time limit. The study was approved by the Institutional Review
Board for use of Human subjects of the Canton of St. Gallen, Switzerland. All athletes gave their informed written consent.
The Race
The 18 
Measurements and Calculations
Pre-race, the anthropometry of the subjects was assessed. ], creatinine, urea, and osmolality were measured.
Haematologic parameters were determined using ADVIA ® 120 (Siemens Healthcare Diagnostics, Deerfield, IL, USA). Plasma parameters were measured using COBAS INTEGRA ® 800 (Roche, Mannheim, Germany). Osmolality of plasma was determined using Creatinine and urea were measured using COBAS INTEGRA ® 800. Electrolytes were determined using ISE IL 943 Flame Photometer (GMI, Inc., Ramsey, MN, USA). Fractional sodium excretion was calculated using the equation: Fractional excretion of sodium = ((Urine Sodium x Plasma Creatinine )/ (Plasma Sodium x Urine Creatinine )) x 100 according to Steiner [42] .
Fractional urea excretion was calculated using the equation: Fractional urea excretion = ((Urine Urea x Plasma Creatinine )/ (Plasma Urea x Urine Creatinine )) x 100 following Dole [43] .
Transtubular potassium gradient was calculated using the equation: Transtubular potassium gradient = (Urine potassium x Plasma osmolality )/(Plasma potassium x Urine osmolality ) according to West et al. [44] . Creatinine clearance was calculated following Gault et al. [45] . Glomerular filtration rate was calculated according to Levey et al. [46] . Percentage change in plasma volume was determined following Strauss et al. [47] .
Before and after each stage, total body water was estimated using InBody 3.0 Body composition analyzer with a direct segmental multifrequency bioelectrical impedance method (InBody 3.0, Biospace, Seoul, Korea) following Bedogni et al. [48] . InBody 3.0 has a tetrapolar 8-point tactile electrode system and performs at each session 20 impedance measurements using four different frequencies (i.e. 5 kHz, 50 kHz, 250 kHz, 500 kHz) at each of the five segments right arm, left arm, trunk, right leg, and left leg. The subjects stood barefoot in an upright position on foot electrodes on the platform of the instrument, with the legs and thighs not touching and the arms not touching the torso. Four foot electrodes were used (i.e. two oval-shaped electrodes and two heel-shaped electrodes) and subjects were asked to grip the two palm-and-thumb electrodes (i.e. two thumb and two palm electrodes per athlete). The skin and electrodes were cleaned and dried before testing. Total body water was directly estimated.
During the stages, the athletes consumed food and drinks ad libitum and reported their intake of fluids and solid nutrition at each aid station. After each stage, they recorded their fluid intake up to the start of the next stage. At the aid stations, liquids and food were prepared in a standardized manner and were provided in same size portions. The composition of fluids and solid food, as reported by the athletes, was determined using a food table [49] . Also, the athletes were asked for symptoms of EAH such as weakness, dizziness, headache, nausea or vomiting after each stage [1] .
Statistical Analysis
In order to increase the reliability of the data analyses, each set of data was tested for normal distribution as well as for homogeneity of variances in advance of statistical analyses. Normal distribution was tested using a D'Agostino and Pearson omnibus normality test and homogeneity of variances was tested using a Levene's test in case of two groups and with a Bartlett's test in case of more than two groups. Statistical analyses were performed using 
Results
Anthropometry, training and pre-race experience of the finishers are summarized in Table 1 . Table 2 Haematocrit and haemoglobin decreased significantly (Table 3) (Table 3 ) remained unchanged (p > 0.05).
Plasma urea concentration increased (Table 3) 
Discussion
The most important finding of our study was that ad libitum drinking was sufficient to maintain fluid and electrolyte balance during a multi-stage ultra-endurance race. This finding is consistent with recent studies of Nolte et al. [50] [51] [52] reporting that ad libitum fluid replacement was appropriate to maintain total body water, plasma osmolality, urine specific gravity, urine osmolality and serum [Na + ] despite a loss in body mass [50, 51] . In addition, ad libitum fluid intake prevented from EAH.
In case of an excessive fluid intake with fluid overload, we would expect a decrease in plasma [Na + ] and a stable or increased body mass [4, 29] . However, plasma [Na + ] remained unchanged. The determination of changes in body mass is a useful objective measure of intake [12] and retention [53] of fluids. In the present athletes, however, body mass decreased after each stage but, by the next morning, the athletes had returned to their pre-race body mass values. During endurance performance, the body aims at maintaining [Na + ] and osmolality in plasma, but not body mass [54] . The fact that thirst was appropriate to return body mass each day after a stage to pre-race values displays that thirst obviously is an accurate mechanism to insure appropriate fluid intake [50] [51] [52] 54] .
Plasma [Na + ] remained unchanged as has already been reported for multi-stage races [38, 40] .
Asymptomatic EAH was found in two athletes; in one finisher after stage 5 and stage 7, and in the other finisher after stage 1 and stage 7. Considering overdrinking as the main risk factor for EAH [3, 4] , the athletes showed an increased fluid intake towards the end of the race, mainly due to the increasing ambient temperatures.
Sodium and potassium concentrations and osmolality in plasma and urine are indirect markers for the activity of aldosterone and ADH-secretion. An inappropriate ADH-secretion (SIADH)
is considered as a potential mechanism to develop EAH [3] . One of the most important roles of ADH is the regulation of the body's retention of water. ADH causes the kidneys to conserve water and reduces urine volume [55] . The most important variable regulating ADHsecretion is plasma osmolality or the concentration of solutes in the plasma and other sodium regulating hormones. In the present subjects, plasma osmolality increased significantly.
Regarding other solutes in plasma, plasma urea concentration increased significantly and the increase in plasma osmolality was related to the increase in plasma urea concentration. Also, plasma albumin concentration decreased and the decrease in plasma albumin concentration was associated with the increase in plasma volume.
The decrease in haematocrit, haemoglobin and albumin concentration, and the increase in total body water showed that these athletes became more and more diluted during the race.
The progressive haemodilution might be due to Na + -retention and K + -secretion as an effect of an increased activity of aldosterone [56] as well as due to an increase in ADH with fluid conservation [57] . Wade et al. [34] reported chronically elevated aldosterone levels in multistage ultra-marathoners in a 20-day 500-km race with a decreased urine excretion rate. In the present athletes, however, plasma osmolality was probably protected as plasma [Na + ]
remained unchanged and urea concentration increased. We assume that the increase in plasma urea concentration across the race induced the increase in plasma osmolality. The increase in plasma urea concentration was most probably due to an augmented protein catabolism during the race due to a myofibrillar breakdown [58] .
Another important finding was that the K + /Na + -ratio in urine was < 1.0 before a stage and increased to > 1.0 after a stage, as has already been shown in 100-km ultra-marathoners [59, 60] and multi-stage ultra-triathletes [61] . This finding suggests that during the stages more potassium than sodium was excreted, and a positive ratio for K + /Na + in urine suggests an increased activity of aldosterone. Transtubular potassium gradient increased throughout the race reaching a value of > 10, indicating an increased activity of aldosterone [44, 62] . The biological action of aldosterone is to increase the retention of sodium and water and to increase the excretion of potassium by the kidneys [55] . An increase in aldosterone seems to be a physiological reaction in multi-stage ultra-marathoners [34, 35] . In a 20-day 500-km race, urinary aldosterone excretion increased during the race on days 5, 8 and 20. Plasma
[Na + ] increased on days 2 and 13, but decreased on day 20 [34] . While aldosterone secretion was increased, sodium excretion was reduced.
While the K + /Na + -ratio in urine was < 1.0 before a stage, sodium might be lost during the night, most probably due to decreased activity of aldosterone. This mechanism might lead to hyponatremia. Sodium loss during rest might, however, also be due to cerebral salt-wasting syndrome (CSWS), defined by the development of extracellular volume depletion due to a renal sodium transport abnormality in patients with intracranial disease and normal adrenal and thyroid function [63] . The injured brain may release natriuretic proteins acting directly on the kidneys [64] . CSWS is considered a definite clinical entity and may be more common than perceived. In addition, it should also be considered in situations without cerebral disease
[65]. The exact mechanism for CSWS remains still unclear. In the setting of a cerebral injury, one hypothesis is an exaggerated renal pressure-natriuresis response caused by an increased activity of the sympathetic nervous system and dopamine release is responsible for an increased urinary sodium loss. Another hypothesis involves the release of natriuretic factors, possibly including brain natriuretic peptide (BNP) or urodilatin by the injured brain [66] .
Differentiation of this disorder from SIADH can be difficult because both disorders can present with both hyponatremia and concentrated urine with increased natriuresis.
Some limitations of our study have to be acknowledged. First of all, we were not able to report the volume of excreted urine. This might have been helpful to clarify if the observed findings are caused by over-hydration or more likely by ADH-secretion. ADH reduces renal free water excretion and is responsible for water retention in the kidney [67, 68] . In the state of hyponatremia and/or hypervolemia, ADH should be suppressed [67] . In case ADH is inadequately secreted, water retention could lead to both fluid overload and EAH. A further limitation is that we did not record the use of non-steroidal anti-inflammatory drugs (NSAID).
The use of NSAIDs is common in endurance athletes [37] and is a risk factor for both 
